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Light Induction of a Vertebrate Clock Gene
Involves Signaling through Blue-Light Receptors
and MAP Kinases
connects directly to the central clock located in the
suprachiasmatic nucleus (SCN) [1–5]. While the identity
of the circadian photopigments is still elusive, there are
two prominent candidates, melanopsin [6, 7] and crypt-
ochromes [8–10], both of which are expressed in retinal
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for melanopsin as the photoreceptor [11–13], mice de-et Cellulaire
CNRS – INSERM – ULP pleted of vitamin A still exhibit clock gene induction by
light in the SCN [10], indicating that cryptochromesBP 10142
67404 Illkirch-Strasbourg must also play a critical role in photoreception.
Circadian photoreception in the zebrafish also in-France
2 Department of Biochemistry and Biophysics volves peripheral oscillators that respond to light, even
in culture [14, 15], and thus the zebrafish appears to beUniversity of North Carolina School of Medicine
Chapel Hill, North Carolina 27599 an ideal system for studying circadian photoreception
in vertebrates. We have established a light-inducible3 Department of Biology and Biochemistry
University of Houston embryonic zebrafish cell line, designated Z3, which re-
capitulates the circadian characteristics of the verte-4800 Calhoun Road
Houston, Texas 77204 brate clock [14]. The Z3 cells constitute a valuable tool
to address questions regarding light-dependent sig-
naling to the clock [14]. Here, we present evidence indi-
cating that cryptochromes are coupled to the MAPKSummary
(mitogen-activated protein kinase) pathway to elicit
light-induced transcriptional activation of clock genes.The signaling pathways that couple light photorecep-
We have previously established that Period2 (Per2)tion to entrainment of the circadian clock have yet to
gene induction is an initial event in the light-dependentbe deciphered. Two prominent groups of candidates
entrainment of Z3 cells permanently cultured in the darkfor the circadian photoreceptors are opsins (e.g., mel-
(naive) [14]. Expression of Per2, nearly undetectable inanopsin) and blue-light photoreceptors (e.g., cryp-
constant darkness, is robustly induced after exposingtochromes). We have previously showed that the ze-
the cells to light, reaching maximal levels 120 min afterbrafish is an ideal model organism in which to study
treatment (Figure 1A).circadian regulation and light response in peripheral
One key issue about light-inducible gene expressiontissues. Here, we used the light-responsive zebrafish
concerns the identity of the intracellular transductioncell line Z3 to dissect the response of the clock gene
pathways that are implicated in conveying the photiczPer2 to light. We show that the MAPK (mitogen-acti-
signal to the transcriptional machinery. To gain insightvated protein kinase) pathway is essential for this re-
into the signaling pathways leading to increased Per2sponse, although other signaling pathways may also
expression, we treated naive Z3 cells with a panel ofplay a role. Moreover, action spectrum analyses of
inhibitors prior to the light pulse (Figures 1B–1E). ThezPer2 transcriptional response to monochromatic light
MEK-specific inhibitor U0126 drastically blocks Per2 in-demonstrate the involvement of a blue-light photore-
duction in a dose-dependent fashion (Figure 1B), impli-ceptor. The Cry1b and Cry3 cryptochromes constitute
cating the extracellular signal-regulated kinase (ERK)/attractive candidates as photoreceptors in this setting.
MAPK pathway in light-induced signaling. At 40 MOur results establish a link between blue-light photo-
U0126, inhibition is complete, demonstrating thatreceptors, probably cryptochromes, and the MAPK
MAPKs act at some point of the signaling cascade thatpathway to elicit light-induced transcriptional activa-
couples light to induced clock gene expression. Astion of clock genes.
MAPKs’ function could be under the control of the pro-
tein kinase C (PKC) [16], we tested whether Per2 induc-Results and Discussion
tion by light could be influenced by the PKC-specific
inhibitor Ro-31-8220. This experiment shows that PKCLight-Inducible Gene Expression Is MAPK Dependent
may indeed be implicated in Per2 light inducibility (Fig-The signaling pathways that couple light photoreception
ure 1C) and confirms the central role played by MAPK-to entrainment of the circadian clock have yet to be
dependent signaling. These findings are of particulardeciphered. In mammals, the route for circadian entrain-
interest, as the MAPK pathway has also been implicatedment by light uses the retinohypothalamic tract, which
in clock gene induction in the mammalian SCN [17, 18]
and serum-shocked fibroblasts [19, 20]. Yet, the ERK/
4 Correspondence: paolosc@igbmc.u-strasbg.fr MAPK system is probably not the only pathway involved
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as 10 M of the PKA inhibitor H-89 blunts Per2 inductioning 5, Gaithersburg, Maryland 20877.
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Figure 1. Light-Induced Per2 Expression in Naive Z3 Cells Is Mediated by the MAPK and PKA Pathways
(A) A time course of Per2 induction upon light treatment of confluent Z3 cells. At indicated time points after light onset, cells were harvested
for RNA preparation.
(B–E) Confluent Z3 cells were treated with the indicated inhibitors or with the vehicle (DMSO, 0 M). After 1 hr, cells were exposed to light
(L) or were left in the dark (D). After 100 min, cells were harvested and RNA was prepared.
(F) Confluent Z3 cells were kept in the dark and were treated with the adenylate cyclase activator forskolin (at 10 g/mL) or with the vehicle
(same volume of ethanol) for 100 min, cells were harvested, and RNA was prepared. Cell culture, light treatment, RNA preparation, and RNase
protection assays with the Per2 riboprobe were performed as described [14]. Samples were equilibrated by ethidium staining of total RNA
(lower panels).
tial specifically for light inducibility, since higher concen- curves. Figure 2A presents the raw data and regression
lines generated for the Per2 gene response to differenttrations of H-89 reduce both basal and induced levels
light intensities at selected wavelengths. The relativeof Per2. Consistently, it appears that the PKA pathway
efficiency of induction was evaluated from the slope ofis by itself not sufficient to elicit Per2 induction, since
the linear regression data (Figure 2A) and was plottedactivation of the adenylate cyclase by forskolin has no
for wavelengths between 320 and 580 nm (Figure 2B).effect (Figure 1F). On the other hand, the SB203580
The action spectrum peak was located around 380 nm,inhibitor, specific for the stress-regulated p38 MAP ki-
with minimal induction of Per2 observed in wavelengthsnases, does not inhibit Per2 induction (Figure 1E).
above 450 nm (Figure 2B). These data exclude rhodop-SB203580 rather consistently potentiates this induction,
sin as the major photoreceptor for light-induced Per2suggesting that, in a possible signaling cross-talk, the
expression. The short wavelength peak is consistentp38 pathway could negatively influence the ERK/MAPK-
with cryptochromes and blue/ultraviolet opsin absorp-dependent induction of Per2.
tion spectra [8, 21]. To differentiate between these two
candidates, total 11-cis-retinal and all-trans-retinal lev-
els were measured, as described previously [10]. WithinAction Spectrum Analysis Reveals
the sensitivity of the measurements, no detectable reti-Blue-Light Photoreceptors
nal was found in Z3 cells (data not show), consistent
These results prompted us to investigate the coupling
with a nonopsin photoreceptor being responsible for
of light detection to activation of the MAPK pathway.
Per2 induction.
What is the photoreceptor that is responsible for clock
gene induction in zebrafish cells? An essential step in
defining the nature of this molecule is the establishment Differential Expression of Cryptochromes
of an action spectrum. Z3 cells in suspension were irradi- Cryptochromes (CRYs) are attractive candidates for cir-
ated with monochromatic light, and RNA was prepared cadian phototransduction [8]. This function has been
for the RNase protection assay with the Per2 probe. ascribed to the only CRY protein in Drosophila [22, 23].
In mammals, CRY proteins are involved in core clockThis allowed the generation of a series of dose-response
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Figure 2. The Action Spectrum of Per2 In-
duction in Z3 Cells Indicates a Role for Crypt-
ochromes in Photoreception
(A) Dose-dependent induction of Per2 by five
wavelengths of light.
(B) An action spectrum showing the relative
efficiency of Per2 induction by each wave-
length. Relative efficiency is the slope of the
linear regression of the data in (A) ( 1017).
Open circles represent single experiments.
The error bars represent standard errors for
the slope of the regressions.
function [24–27], but a role in photoreception is also and Cry2s and a different role for Cry3 and Cry4. Instead,
the expression analysis firmly indicates that Cry1a,likely [9, 10]. At least six Cryptochrome (Cry) genes are
present in zebrafish [28]. Four of them, Cry1a, Cry1b, Cry2a, Cry2b, and Cry4 can be excluded as candidate
photopigments in naive Z3 cells. On the other hand, theCry2a, and Cry2b, display a sequence that is highly
similar to mammalian Cry1 [28]. Moreover, the proteins products of Cry1b (which may encode more than one
transcript or alternative isoforms, as suggested by theencoded by these four genes inhibit transcription that
is mediated by CLOCK:BMAL1, suggesting a role in the band doublet) and Cry3 may fulfill this role, since these
genes are expressed under all conditions examined. Itmolecular clockwork similar to that described for their
mammalian homologs. The other two zebrafish Cry would be interesting to investigate the protein expres-
sion patterns of these latter two CRYs and to establishgenes, Cry3 and Cry4, present a more divergent se-
quence and do not inhibit transcription. Thus, they have whether their abundance falls after a light pulse. This
could parallel what is observed for the Drosophila CRYpossibly evolved different functions [28].
The action spectrum suggests that CRYs are involved that is degraded by the proteasome following exposure
to light [29]. Also, the generation and analysis of zebra-in light-dependent clock gene activation in Z3 cells (Fig-
ure 2). Thus, we wanted to establish the expression fish CRY mutants for residues potentially important for
intramolecular redox reactions may give indications ofprofile of the six zebrafish Cry genes in these cells. The
expression pattern of each gene is distinct and depends their respective function [30, 31]. In a more general way,
our Cry expression data strengthen the view that Cryon the lighting regime (Figure 3). Cry1b and Cry3 genes
are expressed both in naive and entrained cells. Cry1a genes have differential roles in the zebrafish clock.
and Cry2b exhibit high expression in cells exposed to
a light:dark (LD) cycle but display minimal levels in naive Conclusions
Overall, our results strongly suggest that a subset ofcells or in cells entrained on a LD cycle and then placed
in constant darkness (DD), a light-dependent expression the zebrafish cryptochromes are specialized to receive
light, and that this signal is conveyed to the transcrip-pattern reminiscent of Per2 expression in Z3 cells [14].
Finally, Cry2a and Cry4 are highly expressed in entrained tional machinery through the MAPK signaling pathway.
It is intriguing that the function of some of the fish crypt-cells (kept in LD or DD) but display very low levels in
naive conditions. These results are surprising in that they ochromes may share characteristics with Drosophila
CRY, being bona fide light-receiving molecules, whereasdo not conform to the predictions made from sequence
comparison, which suggested a coherent role for Cry1s other cryptochromes may have other roles within the
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probe, corresponding to nucleotides (nt) 1981–2369 of the ORF, was
previously described [14] and was prepared as a riboprobe using
an in vitro transcription kit (Promega). Samples from each point
were prepared from one confluent 25-cm2 flask of Z3 cells.
Action Spectrum and Statistical Analysis
Z3 cells were trypsinized, pelleted, and resuspended in 8 ml of the
same medium and were maintained in suspension by rocking for 4
hr. A cuvette with Z3 cells in suspension was irradiated with a
specific dose, utilizing light intensities ranging from 1.93  1014
photons·m2·s1 (320 nm) to 1.93  1015 photons·m2·s1 (580 nm),
corrected as previously described [34]. Specific wavelengths were
delivered using an integrated monochromator-actinometer (Quanta-
count-Photon Technology International) as described [34]. After irra-
diation, cells were maintained in darkness for 2.5 hr and were then
harvested for RNA preparation and analysis. Suspension of Z3 cells
elevated the basal level of Per2 relative to cells in monolayer. Under
these conditions, the typical induction ratio was 2- to 4-fold under
saturating light dose. Therefore, 366 nm was used as a reference
for variability and was included as a control in every experiment,
explaining the abundance of data points for this wavelength. Only
data points above 2.0  1017 photons·m2 for 366 nm, where the
dose was clearly saturating, were excluded. Linear regression was
performed, and all regressions were significant with p  0.05. LinearFigure 3. Cryptochrome Genes Display Distinct Expression Profiles
regression was performed using all data points with a forced yin Z3 Cells
intercept at 1 for 340, 366, 380, 420, and 509 nm using points taken
RNA was prepared from naive cells, cells on a light:dark cycle (LD), from 6, 15, 2, 5, and 3 experiments, respectively, with R values of
or cells entrained in LD and then placed in constant darkness (DD). 0.58, 0.63, 0.83, 0.60, and 0.76, respectively.
RNase protection assays were performed with probes specific for
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